Abstract: Sustainable forest management should avoid disturbance and volatilization of the soil carbon (C) and nitrogen (N) stocks both under present and projected future climate. Earlier studies have shown that thinning of European beech forests induces a strong initial perturbation of the soil C and N cycles in shallow Rendzic Leptosol, which consists of lower soil N retention and strongly enhanced gaseous losses observed over several years. Persistence of these effects could decrease soil organic matter (SOM) levels and associated soil functions such as erosion protection, nutrient retention, and fertility. Therefore, we resampled untreated control and thinned stands a decade after thinning at sites representing both typical present day and projected future climatic conditions for European beech forests. We determined soil organic C and total N stocks, as well as δ 13 C and δ 15 N as integrators of changes in soil C and N cycles. Thinning did not alter these parameters at any of the sampled sites, indicating that initial effects on soil C and N cycles constitute short-term perturbations. Consequently, thinning may be considered a sustainable beech forest management strategy with regard to the maintenance of soil organic C and total N stocks both under present and future climate.
Introduction
Under sustainable forest management carbon (C) released from wood combustion would have also been released during decomposition of old trees with subsequent re-fixation due to natural or anthropogenically induced rejuvenation [1] [2] [3] . Therefore, C neutrality is frequently assumed for the use of wood for both energy production as an alternative for fossil fuels and production of industrial goods (timber). However, a holistic view of forest management on greenhouse gas balance and key soil functions of managed forests also needs to consider the effects of silvicultural measures on soil organic carbon (SOC) and total nitrogen (TN) stocks.
On average, soils contain more than two-thirds of the total C and N stored in forests ecosystems [4] . In many forests, C and N inputs into the soil are exceeding the respective outputs so that SOM tends to accumulate [5] . This accrual is generally assumed to favor soil functions such as fertility, nutrient and water retention, and erosion protection [6, 7] . The latter aspect is of particular importance in European beech forests stocking on calcareous soils (i.e., on steep slopes with karst hydrology) because the a thinning−induced decline of SOC and TN stocks on longer time spans, which has not yet been addressed in beech forest ecosystems in Central Europe.
In the present study, we therefore resampled all sites of the Tuttlingen experimental beech forest which were part of the earlier thinning experiments 9 to 12 years ago. We quantified SOC and TN stocks at untreated control and thinned plots. We also determined soil and leaf litter δ 15 N and δ 13 C to use them as integrators and indicators of changes of soil C and N dynamics. Specifically, δ 13 C can serve as a fingerprint of C mineralization [36] , while δ 15 N is strongly influenced by the magnitude of soil N turnover processes, with faster N turnover and higher gaseous losses resulting in a higher δ 15 N value in soil [37] . The goal of this study was to elucidate whether thinning leads to long-term changes of soil C and N stocks in the widely spread beech forest ecosystems occurring on calcareous soil, and facilitate a synthesis of both short-term and long-term effects of forest management practices on C and N biogeochemistry both under present and projected future climate. Thus, we provide a basis for the assessment of the sustainability of thinning of beech forests with regard to the maintenance of key soil functions.
Materials and Methods

Site Characteristics and Experimental Design
The Tuttlingen experimental beech forests are located in Southern Germany on slopes of different exposure of the Swabian Jura, a low mountain range consisting of Jurassic limestone (longitude 8 • 45 E; latitude 47 • 59 N). At the studied forests, beech (Fagus sylvatica L.) contributes more than 90% to the basal area of adult trees. The average age of the stand is 80-90 years. The soil profiles are classified as Rendzic Leptosols, according to the International Union of Soil Sciences Working Group, World Reference Base (WRB) for Soil Resources (2007) , derived from limestone and are characterized by a shallow Ah-C profile with only ca. 10 cm of clayey, C-rich mineral soil, underlaid by weathered limestone bedrock or periglacial layers consisting mainly of stones. The soil profiles facing to northeast (NE) and northwest (NW) contain 15% rocks (>60 mm diameter) in the uppermost layer (0-10 cm depth), while the ones facing to the southwest (SW) contain a significantly higher amount of 20% to 45% on a volumetric basis [38] . The sites are located at an altitude between 760 and 820 m above sea level. Mean annual temperature measured at a climate station of the DWD (Deutscher Wetterdienst) is 6.6 • C and average annual precipitation amounts to 856 mm . Further details on site, soil properties, and climatic conditions can be found in previous studies [25, 38, 39] .
The present study was conducted at three forest sites on slopes with different microclimates due different exposures (NE, SW, NW). The distance between the sites was less than 1 km. The northeast and NW sites are characterized by a cool and wet microclimate, which has been considered to be a suitable model climate for present day conditions of many beech forests in Central Europe [31, 38] . In contrast, the site at SW exposure has on annual average ca. 1 • C higher topsoil and air temperatures, has less water availability than stands of NE and NW exposure, and is much more prone to summer droughts [31, 38] . Thus, the SW site exhibits a climate which was considered to be a model climate for the next decades in the first half of the 21st century [31] . All sites consist of slopes with similar steepness (23-30 • inclination). The understorey vegetation was classified as Hordelymo-Fagetum on the NE and as Carici-Fagetum at the SW aspect [28, 38, [40] [41] [42] .
Experimental Design and Soil Sampling
At each site (NE, SW, NW), triplicated unmanaged control (C) and heavily thinned (T) plots of ca. 1 ha size are available. Thinning took place in March 1999 for the NE and SW sites, while for the NW site thinning was performed in March 2003. Mean basal area of C stands was 25 m 2 ha −1 and was evenly reduced at T plots to 10 m 2 ha −1 by means of heavy shelterwood felling. Thinning significantly reduced the leaf area index (LAI) in the first year from 5.16 to 1.68 and from 5.12 to 2.12 under NE and SW exposure, respectively [43] . Furthermore, thinning increased radiation at the forest floor at both south and north exposure but to a higher extent at S than at N aspect. As a consequence, the thinned plots experienced consistently higher daily mean temperature of surface air and soil compared to the untreated control plots [44] . One year after thinning, vegetation density of other than beech natural regeneration increased in the understorey by approx. 25% on the NE and approx. 8% in the SW aspect [40] [41] [42] 45] .
Soil sampling was conducted in March 2012 (i.e., 9-12 years after thinning). For each site (NW, NE, and SW) three replicated C and T plots were sampled (18 plots in total). We applied the stratified random soil sampling strategy employed by Saiz et al. [46] for ecosystems with heterogeneous woody covers. This approach consists of taking soil samples in a stratified manner with respect to tree canopies. Within each plot, two subplots of 4 × 4 m size were randomly chosen, one under closed canopy and the other one in a canopy gap. Due to the absence of canopy gaps at C plots, both subplots were established under closed canopy. At each subplot, samples were taken at five different locations. After removing the organic layer, mineral soil samples were taken from two depth intervals, i.e., 0-5 cm and 5-10 cm, using a soil core of 4.5 cm diameter. Leaf litter was quantitatively collected by using a 40 × 40-cm frame at eight randomly selected spots within each plot. All samples were placed into pre-labelled zip-lock plastic bags.
The soil under investigation is shallow and has a high stone content, which complicates calculation of SOC and TN stocks based on determined soil concentrations. In order to determine area related soil mass (<2 mm grain size) corrected for stone content, pits of 20 × 20 cm area were dug at 20 randomly selected spots at every site (NE, NW, SW). First, the soil from 0-5 cm depth was quantitatively harvested and split into stones and finer grained soil. In a second step, the pit was extended to 10 cm depth so that the proportion of stones to finer grained soil could also be determined in this depth. Subsamples of soil were dried for calculation of the area-specific dry soil masses (without stones) at 0-5 and 5-10 cm depth. This soil mass was used for calculation of SOC and TN stocks by multiplication with the SOC and TN soil concentrations of the respective layer. Similarly, for calculation of SOC and TN stocks in leaf litter, the respective concentrations were multiplied with areal dry leaf litter mass.
Soil Analyses
Soil samples were dried in the oven at 45 • C until constant weight, then stones and coarse organic material (branches, leaves, and roots) were removed by hand. An aliquot of these samples was then oven dried at 105 • C for four hours to determine the moisture content remaining in the samples, which allowed for the calculation of soil bulk density (SBD) using the procedure described in [47] . Calculation of SBD included fractions >2 mm. Subsequently, samples were dry-sieved to 2 mm and pooled at the subplot level according to the two different depths sampled. Sub-samples for determination of soil organic C and N content and 15 N and 13 C isotope natural abundance were powdered in a ball mill (MM200, Retsch, Haan, Germany) and had the soil carbonates removed prior to C analysis by acid fumigation [48, 49] . Analyses of N content and 15 N natural abundance was conducted with separate, unfumigated samples. Leaf litter samples were equally dried and their total dry weight was determined for the sampled area before a representative subsample was milled [35] . Soil and leaf litter analyses were conducted using a Costech Elemental Analyzer (Costech International S.p.A., Milano, Italy) fitted with a zero-blank auto-sampler coupled via a ConFloIII to a Thermo Finnigan Delta V Plus isotope ratio mass spectrometer (Thermo Scientific, Waltham, MA, USA) [50] . Precisions (S.D.) on internal standards for elemental C and N abundances and their stable isotopic compositions were better than 0.2% and 0.06 , respectively.
Statistics
The Kolmogorov-Smirnov test was used to determine the distribution of the data set. As normal distribution could not be achieved by common transformations, the non-parametric Wilcoxon Signed Rank test was used to identify significant effects of thinning, depth, and exposure on C and N stocks, δ 15 N and δ 13 C values, and C/N ratios. Differences were considered significant at p < 0.05. All statistical analyses were performed using SPSS 22.0 (IBM software, Armonk, NY, USA). 
Results
Soil areal mass decreased with depth and was larger at the stone-rich N-exposed sites than at S-exposure, but did not differ between NE and NW exposures (Table 1) . SBD increased with depth. It was rather low due to the high SOM contents, with values ranging from 0.68 to 0.96 across the sites. SBD at 0-5 cm depth interval did not differ between the NE and NW aspect, but were smaller at the SW aspect (Table 1) . Leaf litter C stocks were significantly smaller at south compared to north exposure (Tables 1 and 2 ). However, SOC and TN stocks in leaf litter were about one order of magnitude smaller than in mineral soil (0-10 cm) ( Table 1) . Between 50% and 63% of SOC stocks were allocated to 0-5 cm depth, 27% to 37% to 5-10 cm depth, and 9% to 15% to the leaf litter layer. These patterns were comparable to TN stocks, with 48% to 59% being allocated to 0-5 cm depth, 37% to 45% to 5-10 cm depth, and 4% to 8% to the leaf litter layer. TN stocks in mineral soil did not differ between sites with north and south exposure ( Table 2) . Table 2 . p-values as gained from the non-parametric Wilcoxon Signed Rank test to identify the effect of exposure (SW vs. NW/NE) on SOC and TN stocks as well as C/N ratio and δ 15 N and δ 13 C. p-values of significant effects (<0.05) are given in bold. Arrows indicate the effect of warmer microclimate (e.g., an increased C:N ratio or a decreased leaf litter SOC stock at south compared to north exposure).
Effects of Forest Management
There were not significant differences in SOC and TN concentrations between untreated control and thinned plots, neither in mineral soil nor in leaf litter layers, at all three sites (Figure 1 ). Thinning also did not affect SOC:TN ratios, with the exception of decreased C:N ratios in 5-10 cm depth at thinned plots of NW exposure (NWT) compared to control plots of NW exposure (NWC) (Figure 1 ). Also, with regard to SOC and TN stocks, we did not find significant effects of thinning at any of the three sites, neither in leaf litter, nor in 0-5 and 5-10 cm depth intervals ( Figure 2 , Table 3 ). Similarly, we did not observe significant differences in these parameters between closed and open canopy subplots within the thinned plots at any of the sites. 
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There were not significant differences in SOC and TN concentrations between untreated control and thinned plots, neither in mineral soil nor in leaf litter layers, at all three sites (Figure 1 ). Thinning also did not affect SOC:TN ratios, with the exception of decreased C:N ratios in 5-10 cm depth at thinned plots of NW exposure (NWT) compared to control plots of NW exposure (NWC) (Figure 1 ). Also, with regard to SOC and TN stocks, we did not find significant effects of thinning at any of the three sites, neither in leaf litter, nor in 0-5 and 5-10 cm depth intervals ( Figure 2 , Table 3 ). Similarly, we did not observe significant differences in these parameters between closed and open canopy subplots within the thinned plots at any of the sites. Table 3 ). Table 3 ). The patterns of δ 15 N in mineral soil and leaf litter resembled those observed for total soil N and organic C stocks with clear effects of depth and no effects of forest management (Figure 3 ). Mean δ 15 N values in mineral soil ranged from −1.83‰ to 0.26‰ in 0-5 cm and −1.56‰ to 1.6‰ in 5-10 cm depth interval. 15 N was more depleted in leaf litter than in mineral soil, with δ 15 N values of −5.8‰ to −4.2‰. Similar to 15 N, 13 C was more depleted in leaf litter than in mineral soil with δ 13 C values of −29.8‰ to −28.5‰, while mean δ 13 C values in mineral soil ranged from −27.5‰ to −26.4‰ in 0-5 cm and −26.4‰ to −25.9‰ in 5-10 cm depth interval. The only significant effect of thinning was lower δ 13 C values for the 0-5 cm depth interval at the NE site ( Figure 3 and Table 3 ). 
Discussion
Forest Management Affects Soil C Turnover and Soil C Stocks in the Short, but Not in the Long Run
The general magnitude of SOC stocks down to 1 m depth reported by Jobbágy and Jackson [51] for temperate deciduous forests and by Meier et al. [52] for beech forests in Germany across a precipitation gradient amounts to 174 t C ha −1 , i.e., much larger values than found for the shallow soils of this study. Here, we have observed an average value of ca. 45 t SOC ha −1 , which was, however, allocated only to the 0-10 cm profile. Despite the shallow soil with its high gravel content, this is-due to the high SOC concentrations-a comparably high value. For example, Guckland [53] estimated C stocks in the 0-10 cm profile in temperate deciduous forests to be between 29 and 37 t C ha −1 . Further SOC may be allocated to deeper karst fissures present at some spots in the limestone at our sites, which was, however, not addressed in this study due to inaccessibility.
Changes in SOC stocks follow disturbance-induced alterations in the balance of C input and output [10] . It has been reported that soils with high SOC concentrations such as the soil under investigation may respond to disturbance with particularly fast C loss [22] . In the investigated forest ecosystem, soil respiration increased in the first year after thinning on average by ca. 10 mg C m −2 h −1 [15] . Considering microbial respiration contributing ca. 50% to soil respiration and a reduction of root respiration of ca. 50% after thinning, the increase of microbial respiration due to thinning may be estimated at ca. 20 mg C m −2 h −1 and, thus, would amount to an increase in gross C output of more than 1.7 t C ha −1 year −1 . Together with decreased C inputs after logging, this could trigger a theoretical decline of the ecosystem SOC stocks at a magnitude of roughly a few tens of t C ha −1 in a decade. Estimating our ability to detect such a change above the uncertainty of quantified SOC stocks (i.e., ca. 0.4-2 t C ha −1 , Figure 2 ) indicates that such a persistent and significant loss of SOC due to thinning would have been detectable in this study after ca. 10 years.
Here, however, we report that heavy thinning in temperate beech forests established on shallow calcareous soil, i.e., the reduction of the basal area from 20-28 to 10 m −2 ha −1 , generally did not affect SOC stocks 10 years after logging. This might be explained by the comparably rapid growth of understorey vegetation with high C input into the soil already few years after thinning. Furthermore, the development of understorey vegetation also reduced the differences in soil moisture and temperature between control and thinned plots (i.e., the most important drivers of the initial C mineralization flush after thinning) [15, 25, 35] .
Studies addressing the relationships between δ 13 C and SOC dynamics in pure C3 ecosystems indicate that soil δ 13 C depth profiles may have the potential to serve as indicators of disturbance-induced changes in SOC dynamics [36, 54] , i.e., that soil δ 13 C may be greatly influenced by kinetic fractionation processes of SOC turnover (e.g., [55] ). The latter study found that 15 years after a clear cut δ 13 C in some soil layers increased while SOC concentrations decreased. The authors interpreted this observation to be the consequence of increased mineralization while C inputs had decreased. In our study, we found at NE a significant decrease in δ 13 C at 0-5 cm depth. Consequently, this finding would be indicative of increased SOC storage, which was, however, not detected in SOC concentrations and stocks. Furthermore, soil δ 13 C values may also be greatly influenced by the specific characteristics of the forest canopy. The latter may exert a strong effect on the δ 13 C values of the precursor biomass and the degree to which respired CO 2 is reutilized during photosynthesis [56] . Several studies have shown that δ 13 C values of plant biomass are heavily influenced by light intensity, humidity, accumulation of ground-level CO 2 , and recycling of soil carbon [57, 58] . Therefore, in view of the confounding effects δ 13 C to reflect SOC dynamics in pure C3 ecosystems and considering that a significant effect was only visible at one out of three sites, interpretation of these findings should be treated with care. Overall, the observation of slightly decreased or unchanged soil δ 13 C at thinned plots rather supports the notion that thinning did not significantly reduce SOC stocks.
Earlier studies on forest management did not address beech forests stocking on Rendzic Leptosols and reported partially conflicting effects on SOC stocks. Generally, tree removal always constitutes a net loss of C from the forest ecosystem [10] . In a review article on forest management effects on SOC stocks [18] , it was concluded that with a SOC reduction of ca. 8% the forest floor is more vulnerable to harvest than the mineral soil, where generally no effects were detected. Another review article [21] reached the same conclusion based on a case study [20] in a temperate beech chronosequence in France stocking on Luvisols. The present study shows that also for Rendzic Leptosols with their high SOC concentrations, thinning of European beech does not significantly alter SOC stocks at a timescale of ca. one decade after logging.
Forest Management Affects Soil N Turnover and Soil N Stocks in the Short, but Not in the Long Run
Thinning may have the potential to promote soil microbial N cycling and associated N losses along hydrological and gaseous pathways. This is the result of microclimate-mediated mechanisms described above for SOC dynamics, as well as reduced competition for N by trees. For the ecosystems under investigation, the main initial effect observed in the first years after thinning was increased nitrification and soil nitrate concentrations, both in the forest floor and mineral soil [25, 35] . This was promoted not only by reduced tree competition and increased soil moisture and temperature, but also by a narrowing soil C:N ratio at thinned plots, resulting in increased soil mineral N concentrations [25, 35] . As a consequence, gaseous N losses were reported to increase substantially after thinning [14, 35] despite low atmospheric N deposition of <10 kg N ha −1 year −1 [59] into the forests. Total gaseous N losses in the first two years at thinned plots had been estimated to be in the range of 21-94 kg N ha −1 year −1 (i.e., from several fold up to one order of magnitude larger compared to control stands) [14] . Hence, these losses-given that they persisted over time-may have significantly affected total soil N stocks of roughly 3-4 t ha −1 (Figure 2 ). However, our data do not show significant differences in soil N stocks 9-12 years after thinning at all exposures, (i.e., for both typical present and projected future climate conditions of many beech forests in Central Europe). The mean TN stocks in our study for the 0-10 cm soil profile was 3.3 t N ha −1 , i.e., a larger value compared to those reported by [60] (around 2 t N ha −1 ). Another study [61] found stocks between 2 and 3 t N ha −1 in a German beech stand and no effects of gap formation 8 years after logging. The δ 15 N signature of total soil nitrogen has often been used as an indicator of the N cycle status and patterns [12, 62] . Enhanced N turnover and in particular gaseous N loss processes such as denitrification show the largest fractionation factors. Hence, enhanced N cycling and increased gaseous N losses thus results in a 15 N enrichment in total soil N [37] . A persistent perturbation of the soil N cycle after thinning with increased N losses over more than a decade might thus increase soil δ 15 N. Consequently, the finding of unchanged δ 15 N in leaf litter and mineral soils of adjacent controls and thinned plots indicates that these initial thinning effects on N turnover and losses were only short-term and quickly declined over time. Earlier studies showed intense thinning effects on soil C and N turnover with accelerated losses in the first two years after logging and attenuated effects in the years 4-6 [14, 15, 25, 35] . In this study, we show that thinning had not altered C and N stocks and soil δ 15 N after more than a decade, thus indicating a lack of persistent change in C and N cycling patterns. These findings raise questions on the mechanisms which cause (1) the very strong initial effects and (2) their fast decline. The initial effects of thinning on soil C and N biogeochemistry appeared to be jointly triggered by the removal of the plant C and N sink and the altered microclimate (Figure 4) . Logging reduced C input and competition for N by the vegetation, both resulting in a C and N mineralization flush promoted by higher soil temperature and moisture [25, 35] . The loss of soil C also resulted in a more narrow C:N ratio, which impaired soil microbial N retention, thereby increasing soil inorganic N levels and promoting gaseous N losses. In sum, it was the removal of the plant C and N sink, the microclimatic effects, and carbon-nitrogen interactions which triggered the strong initial perturbation of soil C and N biogeochemistry (Figure 4 ). Since all these effects depend on the presence or absence of trees competing for N, providing C input into soil and shading the forest floor, the fast development of understorey vegetation at thinned plots [45] may account for declining effects in the years 4-6. Understorey vegetation had developed to >3 m height at the SW site and >4 m height at the NE site in the year 2004 [15] (i.e., 5 years after thinning). Consequently, microclimatic differences disappeared between control and thinned plots, and C input into soil and soil C:N ratio as well as competition for N and microbial N retention increased already ca. 4-5 years after thinning [35] (Figure 4 ). This fast development of understorey might have dampened undesired thinning effects on soil C and N turnover and loss (Figure 4) . understorey vegetation at thinned plots [45] may account for declining effects in the years 4-6. Understorey vegetation had developed to >3 m height at the SW site and >4 m height at the NE site in the year 2004 [15] (i.e., 5 years after thinning). Consequently, microclimatic differences disappeared between control and thinned plots, and C input into soil and soil C:N ratio as well as competition for N and microbial N retention increased already ca. 4-5 years after thinning [35] ( Figure 4 ). This fast development of understorey might have dampened undesired thinning effects on soil C and N turnover and loss (Figure 4 ). 
Conclusions
Feedback of understorey development on C and N cycling, mediated by plant physiology, C and N interactions, and microclimate make thinning a sustainable forest management practice with regard to the maintenance of soil C and N stocks and associated key soil functions. Since we observed these feedback loops under both N and S exposure, i.e., under model climate for present and future at typical European beech forests [31, 38] , thinning may continue to be a recommended forest practice in coming decades from a soil ecological perspective. In a changing climate, it could even have the potential to mitigate nutrient shortage effects of summer droughts due to reduced competition for nutrients [31] . However, under extreme summer droughts in a changing climate, thinning could also result in decreased soil water availability and impaired water status of beech, thereby impairing growth and development of the trees [9] . Consequently, the intensity of projected extreme drought events in a changing climate needs to be considered when recommending thinning as a suitable management practice in the 21st century.
Acknowledgments: Funding of this work by the German Science Foundation/Deutsche Forschungsgemeinschaft (DFG) under contract number DA 1217/2-1 is gratefully acknowledged. We acknowledge support by Deutsche Forschungsgemeinschaft and Open Access Publishing Fund of Karlsruhe Institute of Technology. We thank Rudolf Meier and Vitomira Erac for technical assistance and the Centre of Stable Isotopes of IMK-IFU for providing analytical capacities. The determination of soil C and N stocks and isotope signatures was part of the project study "soil ecology" of University of Freiburg, Germany, and we wish 
Meier and Vitomira Erac for technical assistance and the Centre of Stable Isotopes of IMK-IFU for providing analytical capacities. The determination of soil C and N stocks and isotope signatures was part of the project study "soil ecology" of University of Freiburg, Germany, and we wish to thank the participating students Marie Zippelius, Laura Danzeisen, Vera Baumert, Felix Rinderle, Marilen Havert, Mirko Maelicke, and Lena Kahne for conducting sampling and sample processing. 
